Strains belonging to the genus Leuconostoc form an essential component of mesophilic starter cultures used in the manufacture of a range of fermented dairy products, such as cultured butter, buttermilk, and cottage cheese (4) . The major function of the Leuconostoc strains in these fermentations is to produce the aroma compound diacetyl and CO 2 from citrate, the former conferring flavor on products and the latter resulting in eye formation in certain cheese types (18) . Strains of Lactococcus lactis subsp. lactis biovar diacetylactis are other important citrate-fermenting lactic acid bacteria and are present in many mesophilic starter cultures. In all citrate-fermenting lactococcal strains examined so far, the genetic information for citrate transport has invariably been associated with a 7.9-kb plasmid that shows only minor differences in size or restriction pattern (14, 23, 35) . We have previously reported the nucleotide sequence of the plasmid-encoded structural gene for citrate permease (citP) of L. lactis subsp. lactis biovar diacetylactis NCDO176 (8) . The deduced amino acid sequence of the citP gene indicates a hydrophobic membrane protein of 442 amino acids which has significant homology to the sodiumdependent citrate transport protein of Klebsiella pneumoniae (40) .
Various Leuconostoc strains used in dairy fermentations have been shown to contain plasmid DNA (3, 6, 27, 28) . Although most of these plasmids are cryptic, genes involved in lactose transport and hydrolysis (7, 11) and bacteriocin production and immunity (16, 17) have been shown to be plasmid encoded in species of this genus. In addition, the capacity to ferment citrate has been associated with a 22.4-kb plasmid in Leuconostoc mesenteroides subsp. mesenteroides but the specific proteins involved were not determined (24) .
Loss of the ability to metabolize citrate is known to occur during prolonged propagation of Leuconostoc and Lactococcus strains used in industrial fermentations and may lead to lack of flavor or to texture defects in the final product. A plasmid location for genes involved in citrate fermentation in Leuconostoc strains may manifest itself in such an unstable phenotype.
The present study demonstrates that citrate transport is a plasmid-encoded property in several Leuconostoc strains. The cloning and localization of the citP determinants from these strains, made possible by their homology with the lactococcal citP gene, is described. Furthermore, the nucleotide sequence and characterization of the L. lactis NZ6070 citP gene is presented.
All Leuconostoc strains were obtained from the University College (Cork, Ireland) culture collection and were routinely subcultured at 30ЊC in MRS medium (Difco Laboratories, Detroit, Mich.). The ability of strains to utilize citrate was determined with Koser's citrate agar (30) or whey serum agar with calcium citrate. The identities of Cit Ϫ derivatives were confirmed with the API CHL system (API System SA, Montalieu Vercieu, France). Cit Ϫ derivatives of L. lactis NZ6070 and L. mesenteroides subsp. mesenteroides X2 were isolated after serial transfers in MRS or following growth at an elevated temperature of 39ЊC, respectively. L. lactis 532 was more recalcitrant to the latter curing treatments, but following 15 transfers in MRS at 39ЊC with novobiocin concentrations increasing from 0.2 to 10 g/ml, 36% of the isolated colonies were Cit Ϫ . Small-scale preparations of plasmid DNA were isolated from the Leuconostoc strains by the method of Anderson and McKay (1) . The plasmid profiles of the Cit ϩ strains and their cured derivatives revealed loss of plasmid DNA (data not shown). L. lactis 532 harbored two plasmids of 35 and 18 kb, but in the Cit Ϫ derivative strain AH022, the 18-kb plasmid band (pCI418) was absent. L. mesenteroides X2 harbored at least four plasmids. Curing of three of these left one 33-kb plasmid DNA band, but these isolates remained Cit ϩ . One such isolate, AH018, was subjected to further transfers at an elevated temperature to obtain Cit Ϫ strains. These derivatives, represented by isolate AH016, still harbored a 33-kb plasmid, but it was obviously less intense, indicating that the band visible in the parent culture was a doublet. The 33-kb plasmid associated with the citrate trait was designated pCI033. In addition, the Cit Ϫ derivatives, like AH016, were also no longer able to grow on lactose and ribose. Cit ϩ L. lactis NZ6070 contained at least five detectable plasmids. Comparison of the plasmid con-tent of NZ6070 with that of its Cit Ϫ derivative NZ6071 indicated the loss of a 7.0-kb plasmid, but in addition the intensity of a 40-kb band was weaker in NZ6071. The latter strain was also no longer able to grow on lactose as a sole carbon source. Thus, on the basis of these curing studies, it appeared that citrate fermentation may be a plasmid-encoded trait in the Leuconostoc strains. Furthermore, there is tentative evidence that lactose fermentation determinants may be plasmid encoded in other Leuconostoc strains, as in L. lactis NZ6009 (7) .
Curing of these plasmids correlated with the inability of Cit Ϫ derivatives to transport citrate ( Fig. 1 ). Transport of [1, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]citric acid (110 mCi/mmol; Radiochemicals Centre, Amersham, England) was assayed in exponentially growing Leuconostoc cells as previously described (8) . In the Cit ϩ parent strains, significant uptake of citrate was observed, whereas their Cit Ϫ cured derivatives were unable to take up citrate, as illustrated with L. lactis NZ6070 and its Cit Ϫ derivative, NZ6071 (Fig. 1) .
To localize the citrate permease gene, digested plasmid DNA from each wild-type Leuconostoc strain was probed with the entire citrate permease plasmid, pCT176, from L. lactis subsp. lactis biovar diacetylactis NCDO176 (8; data not shown). Restriction enzymes were used as recommended by the suppliers (New England Biolabs Inc., Beverly, Mass., and Boehringer Mannheim Ltd., Dublin, Ireland). The restricted DNA fragments were separated on 0.7% agarose gels and transferred to GeneScreen nylon membranes (Dupont NEN Research Products, Boston, Mass.); the transfer, hybridization, and washing conditions were as recommended by the manufacturers. Oligonucleotides were end labeled with [␥- 32 P]dATP (Amersham) as previously described (31) . A 6.7-kb NruI fragment of plasmid DNA from L. lactis 532 and a 2.6-kb HpaI fragment from L. mesenteroides subsp. mesenteroides AH018 gave single hybridization signals with the probe. No hybridization to chromosomal DNAs of these strains or to plasmid DNAs from their Cit Ϫ derivatives was detected. The 6.7-kb NruI and 2.6-kb HpaI hybridizing fragments were isolated from gels with the Gene Clean kit (Bio 101, La Jolla, Calif.) and cloned into dephosphorylated ScaI-digested pNZ123 (10) and SmaI-digested pUC18 (41) , resulting in pCI484 and pCI460, respectively. Escherichia coli HB101 transformants harboring pCI484 or pCI460 were selected on LB agar (31) with chloramphenicol (20 g/ml) or ampicillin (100 g/ml), respectively.
Specific restriction fragments of plasmid DNA from Cit ϩ L. lactis NZ6070 hybridized with a 1-kb PstI-BglII fragment of pCT176 containing the 5Ј portion of the citP gene (Fig. 2) . The same hybridization results were obtained with oligonucleotide primer 1202 (5Ј-CATTAGGACCAATGC-3Ј), which is complementary to the coding region of the lactococcal citP gene (8) . Furthermore, hybridization of the probe to a single 16-kb SalI fragment and to a slowly migrating plasmid, designated pCT71, from NZ6070 ( Fig. 2) indicated that the citrate transport determinant was encoded by a plasmid substantially larger than the 7-kb plasmid cured in Cit Ϫ strain NZ6071. Two of the fragments which hybridized, namely, the 5.0-kb PstI fragment and a 4.5-kb BglII fragment, were cloned in PstI-and BglIIlinearized pAT153 (37) and M13mp19 (42) , resulting in pNZ641 and pNZ642, respectively. E. coli MC1061 (2) Because of the specific hybridization observed between the cloned fragments and the citP gene of L. lactis NCDO176, restriction maps for all of the inserts were constructed and compared with that of the citP gene on pCT176 to further localize the putative citP genes of these Leuconostoc strains (Fig. 3) . The maps of pCT71 and pCI418 from L. lactis NZ6070 and 532, respectively, revealed perfect alignment of sites with pCT176 in a region extending over a 1.8-kb BglII-AccI fragment on which the citP gene of L. lactis was localized. The BglII site was outside the range of the 2.6-kb HpaI insert from L. mesenteroides AH018, but several other sites, including the PstI, BamHI, and AccI sites, were present, and furthermore, HindIII and NruI sites downstream of the 1.8-kb fragment also aligned with pCI418. These studies strongly suggested that the citP genes of the Leuconostoc strains were also situated on this 1.8-kb BglII-AccI fragment. This was confirmed when the complete nucleotide sequence of the putative L. lactis NZ6070 citP gene was determined by the dideoxy-chain termination sequencing method (32) . The oligonucleotide sequencing primers that had previously been used to sequence the L. lactis NCDO176 citP gene (8) could be used on double-stranded pNZ641 or single-stranded DNA from the M13 clone pNZ642 template, indicating strong conservation between the two genes at the nucleotide level. The DNA sequence data were assembled with the PC/GENE program (version 6.6; Genofit, Geneva, Switzerland). The sequence contained one open reading frame of 1,423 bp, starting with two adjacent ATG codons, that could encode a deduced protein of 441 amino acids with a calculated molecular weight of 46,639 if translation were initiated from the first codon (Fig. 4) . The Leuconostoc and lactococcal sequences were very similar. The differences included 32 base substitutions, 12 of which were located within the coding region of the citP gene. The latter nucleotide changes resulted in three amino acid substitutions in Leuconostoc CitP compared with the lactococcal protein, namely, Val-333Ile, Met-1033Ile, and Asp-2563Lys. In addition, two regions consisting of seven and three nucleotides were deleted in the Leuconostoc sequence; the latter was contained within the citP gene and resulted in deletion of a Ser residue at position 258. Hydrophobicity analysis indicates at least 12 possible transmembrane segments for CitP from both Lactococcus lactis and Leuconostoc lactis which are in an asymmetric arrangement of seven segments preceding a large hydrophilic loop and five following this loop (40) . The first two amino acid substitutions in Leuconostoc CitP resulted in conservative changes within the transmembrane segments, while the latter, less conserved change and the Ser deletion fall in the proposed hydrophilic loop for CitP. The homology between the nucleotide sequences was not restricted to the coding region of the citP gene but continued 230 bp upstream of the start codon and 590 bp downstream of the coding region, including the putative ribosome-binding site and terminator of transcription.
The deduced amino acid sequence of Leuconostoc CitP was compared to the data bases with the FASTA and TFASTA programs, which revealed significant homology to the sodiumdependent citrate carriers CitC of Salmonella pullorum and S. dublin (30% identity; 20) and CitS of Klebsiella pneumoniae (29% identity; 40). Alignments made by the CLUSTAL and Bestfit programs indicated overall similarities of 59% with CitC and 60% with CitS (Fig. 5) . Another group of H ϩ -dependent citrate carriers comprising CitA from E. coli, S. typhimurium, and Citrobacter amalonaticus (5, 21, 33, 36) and CitH from K. pneumoniae (39) shared substantially less similarity with CitP.
K. pneumoniae grown aerobically expresses a proton-dependent citrate transporter (CitH), whereas under anaerobic conditions the CitS transporter is operative (12, 34) . The Na ϩ gradient developed by the oxaloacetate decarboxylase step provides energy for CitS, which transports the divalent anionic form of citrate, Hcitrate ers suggests that CitP has the same ionic requirement for citrate transport and may function in a similar way, but purification and characterization of the oxaloacetate decarboxylase of Lactococcus lactis indicated that it was different from the energy-generating enzyme from K. pneumoniae (19) . In Lactococcus lactis, rapid generation of a proton motive force was observed upon addition of citrate to de-energized cells. It has been proposed that these observations may be the result of electrogenic citrate uptake or a citrate-product exchanger, which would also explain the energy conservation in Lactococcus lactis during citrate metabolism (19) . Further studies are required to determine the substrates involved and transport process mediated by CitP of Lactococcus lactis or Leuconostoc lactis. Recent studies of citrate transport in Leuconostoc oenos, which has an important role in wine production, indicated that citrate is translocated as H 2 citrate Ϫ across the membrane via a uniport mechanism (29) . It has been concluded that under physiological conditions in L. oenos, citrate uptake is driven by its own concentration gradient across the membrane, which is maintained by the rapid rate of citrate metabolism (29) .
The citP gene from L. lactis NCDO176 cloned on a 3.7-kb XbaI fragment in pTG262, designated pMG1347, conferred a Cit ϩ phenotype on the plasmid-cured Cit Ϫ parent strain L. lactis subsp. lactis biovar diacetylactis Bu2-60 (13 (26) . Transcription of mRNA1 is initiated just upstream of an insertion sequence-like element in the L. lactis pCIT264 citrate plasmid and includes two putative genes, citQ and citR, in addition to the downstream citP gene, whereas only citR and citP are located on mRNA2 (9) . It has been proposed that expression of this cit cluster is controlled at the posttranslational level by mRNA processing and by translational repression mediated by the product of the citR gene. It is noteworthy that alignment of restriction maps for pCI484 and pCT176 shows that the conservation of restriction sites is limited to the region encoding the citP genes (Fig. 3) . Furthermore, nucleotide sequence analysis of the 200-bp region upstream of citP which should contain the 3Ј end of the citR gene revealed a sequence that was similar to that of citR but was disrupted with many frameshift mutations and nucleotide changes. It is possible that similar regulatory factors are required for expression of Leuconostoc citP which are not present on the 6.7-kb NruI fragment of pCI484.
The high sequence identity between the citP genes of L. lactis NCDO176 and L. lactis NZ6070 suggests very recent evolution from a common ancestor. Furthermore, sequence analysis of 170 bp from the right-hand HpaI site on the L. mesenteroides X2 insert in pCI460 revealed DNA with 100% identity to the L. lactis NZ6070 citP gene, indicating that L. mesenteroides CitP is probably also highly related. In addition to the insertion sequence-like element located upstream of citP in pCIT264, part of an iso-ISS1 element has also been identified downstream of citP on lactococcal citrate plasmid pSL2 (9, 22) . Both of these plasmids are similar, if not identical, to well-studied plasmid pCT176 (8) . Therefore, it is tempting to speculate that acquisition of the citP genes in Lactococcus species and some Leuconostoc species has occurred via insertion sequence-mediated events and plasmid transfer among lactic acid bacteria.
Nucleotide sequence accession number. The GenBank accession number of the sequence in Fig. 4 is U28212.
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